very low temperature, magnetic 14 and nonmagnetic 15 The idea of a QSL, where interacting quantum spins in a crystalline solid form a disordered state at zero temperature in much the same way as liquid water is in a disordered state, can be traced back to Anderson's 1973 proposal that valence bonds between neighboring spins in a 2D triangular lattice can pair into singlets and resonate without forming long-range magnetic order 24 . Although models supporting QSLs have been developed for 2D spin-1/2 kagome, triangular, honeycomb, and 3D pyrochlore lattice systems [1] [2] [3] [4] [5] , a common feature to all QSLs is the presence of deconfined spinons, the elementary excitations from the entangled ground state which carry spin S = ½ and thus are fractionalized quasiparticles, fundamentally different from the S = 1 spin waves in conventional 3D ordered magnets. In one-dimensional (1D) antiferromagnetic spin-1/2 chain compounds such as KCuF3, the deconfined spinons have been unambiguously measured as a spin excitation continuum by inelastic neutron scattering experiments 25 .
While continua of spin excitations are also seen by inelastic neutron scattering in the 2D spin-1/2 kagome lattice ZnCu3(OD)6Cl2 10, 11 and in an effective spin-1/2 triangular lattice magnet YbMgGaO4 12, 13 , the magnetic/nonmagnetic site disorder in the kagome lattice 14 and nonmagnetic site disorder in the triangular lattice 15 case complicate the interpretation of the data 11, [16] [17] [18] [19] [20] . At present, there is no consensus on the experimental confirmation of a QSL with spin quantum number fractionalization in any 3D spin-1/2 magnet.
In 3D rare-earth pyrochlore such as Ho2Ti2O7, Ising-like magnetic moments decorate a lattice of corner-sharing tetrahedra ( Fig. 1a ) and form the "2-in-2-out" spin ice arrangement, analogous to the "2-near-2-far" rule of the covalent 2H + -O 2-bonding distances in water ice, to stabilize classical spin liquid 26, 27 . A key feature of classical spin ice systems is the presence of low-temperature residual magnetic entropy [equivalent to a ground state entropy per spin of 1/2ln (3/2)] analogous to the Pauling's estimate of the residual entropy for water ice 27, 28 . Due to the extensive ground state degeneracy, the magnetic entropy +,-of a classical spin ice without a magnetic field does not saturate to 2 for an effective spin-1/2 system and is instead set by +,-= ( 2 − 1/2ln (3/2)) in the high temperature limit, where is the ideal gas constant 27, 28 . In the presence of quantum fluctuations, a QSL state could emerge in the so-called quantum spin ice regime characterized by the emergent (1) quantum electrodynamics 28 . Here, the QSL state has a (1) gauge degree of freedom, similar to the gauge symmetry of
Maxwell's equations, and the emergent photon-like gapless excitations 29 . Up to now, most works have considered the degenerate spin ice manifold in the classical limit as the starting point for realizing the (1) QSL upon introducing quantum fluctuation.
However, within a mean-field theory, the (1) QSL could extend much beyond the ice limit and thus does not necessarily produce any phenomena related to classical spin ice in the finite temperature regime. Thus, the candidate pyrochlore QSL materials that do not show classical spin ice characteristics such as the Pauling entropy at finite temperatures may still be a (1) QSL or other QSLs not far from it 30 .
Recently, the Ce-based pyrochlore stannate Ce2Sn2O7 has been proposed as a 3D QSL from the thermodynamic and µSR measurements on the powder samples 21 . ;/< ) state in the crystal field of eight oxygen anions (Fig. S2 ). Ce 3+ with = 5/2 has an odd number of f electrons and crystal electric field (CEF) potential from oxygen will split them into three Kramers doublets 5 . Figure 1b shows the inelastic neutron scattering spectra from the where all three components of the effective spin carry dipole moments 5 . Figure 1d shows isothermal magnetization curves, ( ), for Ce2Zr2O7 at 4 K, 1.8 K, and 0.5 K, which saturates at approximately half of the value of the effective magnetic moment observed in the moderate temperature plateau similar to that of Ce2Zr2O7 21 . Figure 1e shows the temperature dependence of the magnetic contributions to the specific heat as a function of applied magnetic field along the [1,1,1] direction 34 . At zero field, we see a broad peak centered around 0.2 K, different from the XY pyrochlores with longrange magnetic order 5 . After subtracting the phonon contributions to the specific heat and assuming a power-law extrapolation to 0 K below the lowest measured temperature of 50 mK, we calculate the magnetic entropy by integrating magnetic contribution to the specific heat +,-/ from T = 0 to 4 K (inset, Fig. 1f ). The temperature dependence of the magnetic entropy saturates at +,-≈ 1.01 2 at 4 K, consistent with a free spin system (Fig. 1f) . The absence of entropy plateau and Pauling entropy in the magnetic entropy curve indicates a key difference of Ce2Zr2O7 from that of a classical spin ice (Fig.   1f ). Upon application of a magnetic field, the broad peak evolves into a Schotty-type anomaly and shifts upwards in temperature consistent with the field-induced splitting of the effective spin-1/2 doublet. Therefore, Ce2Zr2O7 is likely a non-spin-ice type
pyrochlore QSL.
To demonstrate that our single crystals of Ce2Zr2O7 have stoichiometric pyrochlore structure with Ce 3+ ions and no magnetic order approaching zero temperature, we carried out single crystal X-ray and neutron diffraction experiments by measuring more than 700 and 100 Bragg peaks, respectively 34 . The fitting outcome reveals anti-site disorder between Ce and Zr of 4(1)% (Fig. 1a) and oxygen occupancy of 0.98(3)%, both are within the errors of the measurements (see Table S1 ) 34 . We have further carried out single crystal neutron diffraction and diffuse scattering measurements within the [h,h,l] scattering plane (Fig. 2a ) 34 . Figure 2b shows a temperature difference map between 240 mK and 50 K, revealing no evidence of antiferromagnetic order down to 240 mK. In previous work on spin ice pyrochlores 27 , it was found that oxygen vacancies in pyrochlore structure can induce magnetic impurities and transform the nature of the magnetism 22 . In particular, neutron scattering measurements on single crystals of oxygen deficient Y2Ti2O7-x reveal clear evidence for one of the oxygen site (O2) vacancy ( Fig.   S2 )-induced diffuse scattering in the (ℎ, 0,7) × (0, , 7) scattering plane 22 . We find no evidence for similar oxygen vacancy-induced diffuse scattering in Ce2Zr2O7 (Fig. 2c ).
In the triangular lattice magnet YbMgGaO4 12, 13 , the ac magnetic susceptibility shows clear frequency dependence, which was interpreted as evidence for a spin-glass freezing instead of a QSL 16 . To test if Ce2Zr2O7 may also have a spin-glass ground state, we carried out measurements of the frequency dependence of the ac susceptibility measurements. As we can see from Fig. 2d , ac susceptibility increases with decreasing temperature, but shows no evidence of a phase transition above 100 mK and no frequency dependence from 500 Hz to 10000 Hz. Therefore, we conclude reliably that Ce2Zr2O7 does not have a spin-glass ground state.
Although our specific heat ( Fig. 1e ), magnetic susceptibility ( Fig. 2d) , and neutron diffraction ( Fig. 2b ) experiments on Ce2Zr2O7 revealed no static magnetic or spin-glass order above 100 mK, it is still important to test if the system can order magnetically at lower temperatures using µSR experiments. Figure 2e shows the zero-field data at several temperatures from 20 mK to 750 mK. At all measured temperatures, we find no evidence for long-range magnetic order, which would have presented itself as oscillations or a fast-relaxing component. Instead, the data can be well described by a stretched exponential relaxation plus a background, similar to that of Ce2Sn2O7 21 . Temperature dependence of the relaxation rate shows a kink below 200 mK ( Fig. S3 ), suggesting slowing down of the spin dynamics below this temperature 34 . To determine whether the spin relaxation arises from a static internal field (due to static magnetic order) and is related to magnetic field as suggested from the heat capacity data (Fig. 1e) , we carried out longitudinal field measurements up to 1.4 Tesla at different temperatures (Fig. 2f) . If the relaxation is from a static internal field, it should be decoupled by application of about 100 G field in the longitudinal field measurements 34 . Instead, our longitudinal field measurements shows that the muon spin relaxation rate at 20 mK is dominated by internal magnetic fluctuations, which is suppressed only at high field above ~3000 G ( Fig. 2f) , indicating that the observed relaxation arises from dynamic spin fluctuations.
In addition, application of a magnetic field pushes the spin fluctuations to higher energies as seen in the field-dependent specific heat, resulting in a slower relaxation of the muon polarization ( Fig. 2f ).
Having established that Ce2Zr2O7, similar to Ce2Sn2O7 21 , is a stoichiometric pyrochlore with an effective spin-1/2 Kramers doublet ground state and no static magnetic order above 20 mK, it will be important to determine the energy, wave vector, and temperature dependence of the spin excitations in the system. For this purpose, we align the crystal in the (ℎ, ℎ, 0) × (0,0, ) scattering plane (Figs. 2a, 3a) . Fig. 3d) . On moving to = 0.025 ± 0.025 meV, we see a continuum of spin excitations around the Brillouin zone boundary of the system (Fig. 3e) . Upon further increasing energy to = 0.075 ± 0.025 meV, the spin excitation continuum remains the same shape but with increased intensity (Fig. 3f) . reported in classical spin ice and quantum XY pyrochlores 5, 27 . Moreover, the absence of the pinch points in the spin correlations (Fig. 4a) further indicates that the system is not located in or proximate to the spin ice regime 27, 28 .
Assuming that the Ce 3+ ions are dipole-octupole doublets, the generic model on the Ce- 32 . Although the present data cannot distinguish which QSL is actually realized in Ce2Zr2O7, the absence of Pauling entropy from heat capacity (Fig. 1f) and the absence of pinch points in spin-spin correlation function (Fig. 4a) indicate that the QSL in Ce2Zr2O7 is not in the spin ice regime. In the un-frustrated regime of the XYZ model, where there is no sign problem for quantum Monte Carlo simulation, the system should be either in the (1) QSL of the spin ice regime or in an ordered phase 31, 32 . Since QSL in Ce2Zr2O7 is not in the spin ice regime, the relevant XYZ model should be in the frustrated regime where QSLs are more robust 30 . Since the XYZ model brings interaction to the spinons in the (1) QSL phase, spinon pairing in the un-frustrated regime could stabilize a fully gapped Z2 QSL 30 , and such pairing in the frustrated regime may form a spinon "superconductor".
To summarize, we have discovered a 3D QSL candidate Ce2Zr2O7 that has all the hallmarks of a QSL but without the complication of magnetic and lattice disorder, or oxygen vacancy 22 . We further demonstrate that Ce2Zr2O7 may be a non-spin-ice pyrochlore QSL and differ from the prevailing examples of spin-ice based pyrochlore QSL candidate 
Supplementary information

Sample growth and characterization:
Sample growth Polycrystalline Ce2Zr2O7 was synthesized using a solid-state reaction method. Stoichiometric powders of CeO2 (Alfa Aesar, 99.99%) and ZrN (Alfa Aesar, 99.99%) were mixed, ground, pelletized and sintered at 1,400 ⁰C in air. The sintered pellet was then ground, pelletized and sintered in a forming gas (8% H2 in Ar) flow at 1,400 ⁰C for 20 hours. Single crystals of Ce2Zr2O7 were synthesized using a laser diode floating zone furnace at cQMS of Rutgers University, as seen in Figure S1a . Polycrystalline La2Zr2O7 was also synthesized using a solid-state reaction method. X-ray single crystal diffraction experiments were carried out at Oak Ridge National Laboratory (ORNL); the measured crystal was carefully suspended in paratone oil and mounted on a plastic loop attached to copper pin/goniometer. The reported singlecrystal X-ray diffraction data were collected with molybdenum Kα radiation (λ = 0.71073 Å) using a Rigaku XtaLAB PRO diffractometer equipped with a Dectris Pilatus 200 K detector and an Oxford N-HeliX cryocooler. More than 700 diffraction peaks were collected and refined using Rietveld analysis. The outcome is shown in Table S1 . Single-crystal neutron diffraction measurements were performed at the HB-3A DEMAND single crystal neutron diffractometer at the High Flux Isotope Reactor (HFIR), ORNL. The neutron wavelength of 1.550 Å was used from a bent perfect Si-220 monochromator 1, 2 . The structure refinements were carried out with the FullProf Suite 3 . By carrying out both X-ray and neutron diffraction experiments, we were able to accurately determine the stoichiometry of Ce, Zr, and oxygen as shown in Table S1 .
Bond valence sum
Using crystallographic information obtained from X-ray and neutron diffraction experiment, we can estimate the valence of Ce using the bond valence sum method, where the valence V of an atom is the sum of the individual bond valences w surrounding the atom via = ∑ w . The individual bond valences in turn are calculated from the observed bond lengths via w = exp k
o, where w is the observed bond length, D is a tabulated parameter expressing the (ideal) bond length when the element has exactly valence 1, and b is an empirical constant, typically 0.37 Å. In the case of Ce2Zr2O7, each Ce atom is surrounded by eight oxygen atoms as shown in Fig. S2 . The eight oxygen atoms have two different sites (see positions of O1, and O2 in Table S1 ). The two O2 are at the center of the Ce tetrahedrons denoted by light blue sphere in Fig  S2, while the other six O1 sites are denoted by the brown spheres. According to the single crystal X-ray diffraction refinement results, the bond length of the two Ce-O2 bonds is 2.313 Å, and the bond length of other six Ce-O1 bonds is 2.576 Å, as seen in Fig S2. For a Ce 3+ cation surrounded by O 2-, D equals 2.121 Å 4 . This gives V = 2.945, very close to 3, thus confirming that Ce indeed has the 3+ ionic state.
Magnetic susceptibility measurements
Low temperature alternating current (ac) magnetic susceptibility measurements 5 were performed using a PPMS DynaCool located at Quantum Design. The AC field of 0.2 Oersted was applied along the [1,1,1] direction of the Ce2Zr2O7 single crystal. The frequency ranged from 100 Hz to 10 kHz and the temperature was down to 100 mK. The smooth monotonic increase of the ac susceptibility with decreasing temperature suggests that there is no long-range magnetic order or spin glass order in this temperature range (above 100 mK). Magnetic or spin glass ordering should give a peak in the ac magnetic susceptibility, which could, in principle, occur at a lower temperature. We note that our muon spin relaxation experiments indicate no spin-glass or magnetic order above 19 mK.
Heat capacity measurements
The specific heat was measured down to 0.05 K using a thermal-relaxation method in a DynaCool (Quantum Design) with the magnetic field applied along the [1,1,1] direction of the Ce2Zr2O7 single crystal at Rice University. The total specific heat of Ce2Zr2O7 is expressed as a sum of magnetic and lattice contributions: Cp = Cmag + Clat.
We fit the specific heat of Ce2Zr2O7 between T = 10 and 20 K with Clat = bT 3 + aT 5 . We also measured a La2Zr2O7 as background and found no evidence of magnetic/electronic contribution below 2 K.
Muon spin relaxation (μSR) experiments
To determine whether the Ce2Zr2O7 samples develop long-range magnetic order, we conducted muon spin relaxation (μSR) experiments at the LTF and GPS spectrometers, Paul Scherrer Institut, Switzerland. At the low temperature facility (LTF), we ground the sample into a coarse powder and glued it onto a silver plate using GE varnish dissolved in alcohol, which presents a negligible cross-section for muon capture. We quenched the magnet to remove stray magnetic fields while the sample was above 2 K, then cooled to base temperature and collected time-spectra in zero field at temperatures from 19 mK to 750 mK. We found no evidence for long-range magnetic order, which would present as oscillations or a fast-relaxing component. Instead, the zero-field data were fit at all temperatures with a one-component stretched exponential form, plus a simple exponential background for the ~21% of muons landing in the silver. We found evidence for a kink in the relaxation rate 1/T1 below 200 mK (Fig. S3) , suggesting the dynamics begin slowing down below this temperature. To determine whether this kink is connected to the broad feature in specific heat data, we also conducted longitudinal field measurements up to 14000 G (1.4 T) at 19, 450, and 750 mK. At base temperature, the muon spin decouples from the internal field near 3000 G. At 0 and 1.4 T, the 450 mK and 750 mK curves are nearly identical and do not relax as quickly as the 8000 and 14000 G curves at 19 mK. This suggests that the application of an external magnetic field pushes the spin fluctuations to higher energy, as seen in the specific heat curves, and results in a slower relaxation of the muon polarization. The overall magnitude of 1/T1 ≤ 0.25 μs -1 in zero field suggests that if muon spin relaxation is caused by static internal fields, the field strength should be on order Hint ~ (1/T1) / (γ " /2π) ~ 50 G, where γ " = 2π × 135 MHz is the gyromagnetic ratio of the muon. The experimental value determined here is much larger, suggesting that the internal fields are dynamic at base temperature. Moreover, for all ZF and LF curves, we find the stretching exponent is between 0.5 and 1. This corresponds to a regime with dynamically fluctuating moments that is between the dilute and dense limits, similar to μSR observations of Ce2Sn2O7 6 and SrDy2O4 7 , but different from SrCr8Ga4O19 8 .
Crystal electric field (CEF) level measurements
Inelastic neutron scattering experiments were carried out on 5 g Ce2Zr2O7 and 5 g La2Zr2O7 polycrystalline samples on the fine-resolution Fermi chopper spectrometer, SEQUOIA, at the Spallation Neutron Source, ORNL. For each compound, we collected data for 4 hours with 250 meV incident energy at 5, 100, and 200 K. Since La2Zr2O7 is non-magnetic analog of Ce2Zr2O7, it can serve as a background, which helps us to subtract phonon contributions from the measured spectra. The raw data for Ce2Zr2O7 and La2Zr2O7, as well as the background-subtracted data set for Ce2Zr2O7 are shown in Fig. S4 . is related to the dipole moment. { and R transform identically under space group symmetry, and sometimes, { is also related as dipole moment. In the current work, we regard { as the magnetic octupole moment throughout.
Diffuse neutron scattering
Diffuse neutron scattering experiments were performed on a 2.3 g floating zone grown Ce2Zr2O7 single crystal using the elastic diffuse scattering spectrometer, CORELLI, at the Spallation Neutron Source, ORNL 9 . The sample was aligned in the (h, h, l) scattering plane on an oxygen-free copper holder and the temperature is regulated using 3 He inset. The scattering was performed at three different temperatures, 50 K, 2 K, and 240 mK, using a white incident neutron beam. Note that the (002) Bragg peak, which is forbidden in the pyrochlore space group Fd3 6 m, can be observed at all temperatures (Fig. S5) . However, it is not due to a deviation from the pyrochlore structure, but likely to have a nonstructural origin -multiple scattering, as such peak is not seen in X-ray and neutron single crystal diffraction measurements. In addition, we did not find the (002) peak in our inelastic scattering experiments using the same sample around zero energy transfer (elastic). Note that one of signatures of multiple scattering is that it is strongly energy dependent and only occur at specific energies.
Inelastic neutron scattering
Inelastic neutron scattering experiments were carried out on a 2. 
